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FOREWORD

The static stability characteristics study of the
FSL-1 model was conducted under NASA Apollo
Contract NAS9-150,

This report was prepared by F.L. Goebel of the

Columbus Division of North American Aviation, Inc.
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SUMMARY

The static stability and force characteristics of a 0, 02-scale model
of the Saturn C-1 launch vehicle with Apollo payload were investigated in
the launch and launch-abort configurations for the Mach number range 0. 70
to 3.50 in Ames Research Center, Unitary Plan Wind Tunnels.

The data indicated no dependency on Reynolds number in the range
attainable. The addition of the command module clamp fairing had no
appreciable effect on the aerodynamic characteristics. Removal of the
launch escape system flow separator had a small but measurable effect on
axial force and pitching moment. Removal of the jet reaction controls
from the launch-abort configuration affected the flow field in the transonic
speed range and thereby affected the aerodynamic characteristics,

Several effects of roll attitude on the aerodynamic characteristics,
apparently attributable to the fins, were observed in the subsonic-
transonic speed range.
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. INTRODUCTION

Static stability and force characteristics of the Saturn C-1 launch
vehicle with the Apollo payload are being investigated with a 0. 02-scale
model (FSL-1) in the Mach number range from 0.30 to 8,00. This program
consists of a series of wind tunnel tests at four facilities: Ames Research
Center, Arnold Engineering Development Center, NAA Trisonic, and NAA
NACAL. This report presents the analysis of the results of the first series
conducted in the Ames Research Center Unitary Plan Wind Tunnels during
the period 22 August to 5 September 1962. The basic data and graphs for
this first series are presented in the data report,

The purpose of the Ames tests was to investigate the static stability
and force characteristics of the launch and launch-abort configurations in
the Mach number range from 0,70 to 3,50, The effects of Reynolds number,
transition grit, command module clamp fairing, launch escape system
flow separator ring, and jet reaction controls on the basic data were also

| investigated.

IDpata Report for the Apollo Model (FSL-1 Wind Tunnel Tests in the Ames
Unitary Plan Wind Tunnels, 11- by 11-Foot, 9- by 7-Foot, and 8- by
7-Foot. NAA/S&ID SID 62-1143,

- DOND i
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Il. MODEL AND TESTS

MODEL

The 0. 02-scale model consisted of the complete launch configuration
(FSL-1) of the Apollo payload with the Saturn C-1 launch vehicle. Provisions
were incorporated for removal of the launch escape system flow separator,
command module clamp, and jet reaction controls. Furthermore, the
launch escape vehicle and a section of the service module were removable
for installation of thec launch-abort nose, A detailed description of the
model is contained ia SID 62-805. Sketches of the configurations tested
are presented in Figure 1 and photographs of the model are shown in
Figures 2 and 3.

TESTS

Axial, normal and side force and pitching, yawing, and rolling moment
were measured by a Task 2-inch Mark IX A balance in the 11- by 11-foot
‘ and 9- by 7-foot tunnels and by a Task 2-inch Mark III F balance in the
8- by 7-foot tunnel. One static pressure measured in the balance chamber
was assumed to be representative of the actual base pressure acting over
the base of the model.

The tests conducted are listed in Table 1. The primary configurations
were launch (B3I2S4RC2T20E40) and launch-abort (B3I;S4R). Limited
evaluations were made of the effect of adding the command module clamp
and removing the launch escape system flow separator and jet reaction
controls, and the effects of Reynolds number and grit were investigated.
Transition grit was used for all tests except for two runs with the launch
configuration at Mach number 1.55, In the 11- by 11-foot and 9- by 7-foot
tunnels, 0.009-inch diameter grit with a density of 900 grains per square
inch was used, and 0.014 diameter grit with a density of 900 grains per
square inch was used in the 8- by 7-foot tunnel. The grit was applied to
a 0. l-inch-wide strip located immediately aft of the escape motor nose
cone cylinder junction and to a 0. l-inch-wide strip located 0. 1 inch from
the leading edges of the large fins.

1Tes’c and Model Information for Wind Tunnel Tests of a 0. 02-Scale Force

Model (FSL-1) of the Apollo in the Ames 14- by 14-Foot, 9- by 7-Foot,
‘ and 8- by 7-Foot Wind Tunnels. NAA/S&ID SID 62-805,

e =SONB -
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’ In general, data were obtained for an angle-of-attack range from
-4 to 20 degrees with reduction to 16 degrees in the Mach number range
1.0 to 2. 5. In addition, sideslip runs at &a = 0 were obtained at Mach
numbers 0, 70, 1.05, and 1. 40 with the launch configuration. Effects of
combined sideslip and pitch (or roll attitude) were investigated at eight
Mach numbers from 0. 70 to 3. 50 with the launch configuration and at
Mach number 0. 95 with the launch-abort configuration. The variation of
tunnel Reynolds number with Mach number is presented in Figure 4.

3 BN
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fIt. RESULTS AND DISCUSSION

PRESENTATION OF RESULTS

Summary results of the test data are presented in the form of CNa )
Cmg > XCP/D, CA, and Cpy, versus Mach number for configurations
B3I2S4RC2T20E40 (launch) and B3IpS4R (launch-abort). All coefficients
presented herein are referenced to command module frontal area, and the
reference length is command module maximum diameter, which accounts
for the apparent large magnitude of the ccefficients. All pitching moment
data are referenced to a moment center, based on a representative center
of mass, located 3. 726 command module diameters forward of the base,

Configuration B312S4RC2T20E 40

The summary plots for the launch configuration are presented in
Figure 5. The transonic peaks in Cyy, and Cma occur near Mach number
0. 96 and are characterized by relatively gentle changes in curvature. C
is slightly unstable subsonically and slightly stable transonically. From
Mach number 1,10 to 3. 50, Cma becomes increasingly unstable in an
almost linear manner. The center of pressure varies from about 3, 90
diameters forward of the base subsonically to a maximum aft position of
about 3. 43 diameters at Mach number 0. 96, From Mach number 0. 96 to
3. 50, the center of pressure moves continuously forward to a position of
5.92 diameters,

Mey

Comparison of the CN, data with data obtained in the Chance Vought
Aeronautics 4- by 4-foot wind tunnel for a similar configuration shows
excellent agreement. The center-of-pressure comparison, however, shows
some disagreement at the higher Mach numbers. Over Mach number 2,0,
the Chance Vought data indicate a decreased forward shift. The model
tested at Chance Vought did not incorporate the launch escape system flow
separator and had a shortened I2S4 section. These differences may account
for the center-of-pressure shift,

The total axial force reaches a transonic peak, about twice the subsonic
level, at Mach number 1.12, With the base drag removed, the transonic
to subsonic ratio is slightly less than 2, and the peak occurs at Mach
number 1. 20, Axial force divergence occurs in the vicinity of Mach number
0. 80, and reduction after the transonic peak is very gradual.

SID 62-1391
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. Configuration B3I2S4R

The summary plots for the launch-abort configuration are presented
in Figure 6. The data indicate distinctly different characteristics for
separated and attached flow fields surrounding the nose section. Separated
flow fields were observed in the subsonic and transonic speed range up
to Mach number 1. 40; while attached flow was observed over Mach number
1.55. An exception was observed at Mach number 1, 20; where attached
flow was achieved with the jet reaction controls removed., The effects of
separation at @ = 8 = 0 are increase in CNa , decrease in Cma , aft shift
in ch/ D, and a decrease in CA. Although the flow around the nose is not
attached at Mach number 1. 4 with jet reaction controls installed, the degree
of separation does not appear to affect the data appreciably.

The CN  for the separated range of Mach numbers closely approxi-
mates the CNa for the launch configuration. When attachment occurs,
however, CN _ decreases about 10 percent and subsequently decreases at
a slightly higher rate with increasing Mach number than the CNa for the
launch configuration. The transonic peaks for CNa and Cma occur near
Mach number 1. 00. Except in the immediate vicinity of force divergence
Mach number, C,, . for the launch-abort configuration is slightly more

‘ stable than Cma for the launch configuration. The incremental difference
between the two Cma's increases with increasing Mach number to about
1. 8 but remains approximately constant as Mach number is increased
beyond 1. 8.

The launch-abort base pressure coefficient variation with Mach
number is essentially the same as that obtained for the launch configuration.
Curvature changes in the axial force are more abrupt in the vicinity of
force divergence (approximately Mach number 0. 90) but are smaller in the
transonic speed range when compared with the launch configuration. The
decrease in axial force associated with flow separation is primarily attri-
buted to the effect of separation on the shock produced by the flare following
the 1254 section. Examination of the Schlieren photographs in Figure 7
indicates a more oblique flare shock when the flow is separated. The
decreased shock strength results in reduced wave drag for the separated
flow. For angles of attack greater than about 8 degrees, the difference
disappears in Cp, Cy, and Cy, for flow fields initially attached and
separated. This variation of the separation effect with @ for Cp, Cy, and
Cm at Mach number 1, 20 is presented in Figure 8,

EFFECT OF REYNOLDS NUMBER VARIATION

An investigation was conducted to determine effect of Reynolds
. number on the force and moment data and to provide correlation with future

-6 - OONFIDENT
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wind tunnel tests, The Reynolds numbers and configurations that were
investigated are shown in the following tabulation:

Configuration Mach No. RN per foot x 10-0
B3I;S4RCyTo0E 40 1. 40 2.92, 6.20-6.43, 8.21
3.50 1.67, 2.34
B3I2S4RC2T0E35 1. 40 2.92, 6.35, .19
B3IS4R 1.55 3.97, 4.99

A planned, higher Reynolds number test with configuration B3I;S4R was
eliminated when the tunnel operating temperature limits were exceeded.
No significant variations or trends attributable to Reynolds number were
observed for the configurations and Reynolds numbers tested.

EFFECT OF TRANSITION GRIT

Force and moment data for configuration B3I,S4RC2T9E 49 were
obtained at Mach number 1. 55 with and without transition grit at Reynolds
‘ number 3. 95 x 10° per foot and without grit at Reynolds number 1. 52 x 106
per foot. No definite differences attributable to the grit were observed.
It is therefore assumed that the boundary layer was naturally turbulent
owing to nose bluntness and escape system structure,

EFFECT OF CLAMP FAIRING

The effect of a clamp fairing between the command module and service
module, centered along the top meridian of the model, was investigated by
using sideslip runs at @ = 0 at Mach numbers 0, 70, 1.05, and 1.40. No
effect of the clamp fairing was detected.

EFFECT OF FLOW SEPARATOR

To evaluate the effect of the launch escape system flow separator, tests

were conducted at Mach numbers 0, 70, 1. 05, and 1. 40 with the separator
on and off, These effects of the separator are shown in Figure 9. No clear
effect of the separator on normal force was observed. The effect of the
separator on pitching moment was masked by data scatter except at Mach
number 1. 40, where the C,, increment due to separator is 0.1 to 0. 2 at
positive angles of attack.,. The separator has a measurable effect on axial
force coefficient at all three test Mach numbers. At Mach number 0, 70,

. the axial force increment is positive and increases linearly with angle of

" DONESE-
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. attack. At Mach numbers 1. 05 and 1. 40, the axial force increment is
negative at small angles and increases gradually to a very small positive
increment at large angles of attack.

EFFECT OF JET REACTION CONTROLS

The effect of removing the jet reaction controls was investigated with
the launch-abort configuration, which was presumed to'be most sensitive
to the controls. These tests were conducted at Mach numbers 1. 05, 1. 20,
and 1. 40. No direct effect was observed; however, a flow field change
observed at Mach 1. 20 may be associated with the jet reaction controls.
With the reaction controls installed, the flow is at least partially separated
from the nose for all Mach numbers up through 1, 20, At Mach number
1. 40, the separated layer is considerably rcduced in thickness and appar-
ently has no appreciable effect on the aerodynamic forces and moments.
For Mach numbers less than 1. 05, the flow fields are essentially similar
with reaction controls on and off, Schlieren photographs at Mach number
1. 05 show no apparent difference except for the weak shocks emanating
from the reaction controls, At Mach number 1. 20, however, the flow is
definitely attached with the reaction controls removed, as may be seen in
Figure 7. Although no Schlieren photographs are available for Mach number
1. 40 with reaction controls removed, it is presumed that the flow is attached
. at this velocity also. For the launch-abort configuration, it appears that
the reaction controls, critically located near the nose, encourage flow
separation in the transonic speed range.

EFFECT OF ROLL ATTITUDE

For a pure body of revolution, the aerodynamic characteristics would
be independent of roll attitude. In addition to the nonaxial symmetry of
the C-1 booster and the combination of large and small fins, the FSL-1 has
certain design asymmetries that could conceivably affect the aerodynamic
characteristics. The major design asymmetries include a chilldown duct
omitted from the lower left small fin; four equispaced exhaust ducts located
22.5 degrees clockwise from the planes of the large fins; three external
ducts on the second stage at 51.5, 141.5 and 308. 5 degrees measured clock-
wise from the upper meridian; and a horizon sensor on the instrumentation
module slightly offset to the right on the lower meridian.

The effect of roll attitude was investigated indirectly, since the model
had no provisions for varying roll attitude on the sting. Variations in roll
attitude were obtained for the launch configuration by conducting pitch runs
at approximately 6. 5 degrees of sideslip at eight Mach numbers and side-

‘ slip runs at & = 0 at Mach numbers 0, 70, 1. 05, and 1, 40. In addition, pitch

"S- =GOl
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. runs were made at 3 degrees of sideslip at Mach number 1,40, Variations
in roll attitude were obtained for the launch-abort configuration by conducting
pitch runs at approximately 6. 3 degrees of sideslip at Mach number 0. 95.

A comparison of the data from the sideslip runs at @ = 0 with the data
from pitch runs at 8 = 0 shows no difference. This result indicates that the
asymmetric protuberances have little influence. However, the data show
variations in Cy, Cy and therefore X¢p/D for the pitch runs at 8= 6.5
degrees. The data were compared on the basis of composite normal force

and pitching moment (E =yCZ&+ CZ, C_ =y/C2 ¢ C2) versus composite
g N N Y m m n

angle of attack (cos @ = cos @ cos B8). This approach is equivalent to
considering the model being rolled and then pitched. The roll angle § may
be computed from @ and 8 by tan § =138
Sin &
Figure 10 presents the ratio of the composite normal force coefficient
to the normal force coefficient for § = 0 versus the equivalent roll angle,
For the Mach number range 0. 70 to 1. 20, the data show a uniform sinus-
oidal-type variation with roll angle for both launch and launch-abort
configurations. The data indicate a maximum decrement in the vicinity
of p = 45 degrees with a trend toward another maximum decrement at
§ = 135 degrees, although the data only extend to 123 degrees. The pitching
‘ moment data (not shown) exhibit similar characteristics although definition
. is poor because of the magnitude of the pitching moment coefficients in
comparison with data scatter.

The reduction in composite normal force coefficient disappears for
Mach numbers equal to or greater than 1. 40, At these higher Mach numbers,
composite normal force is independent of roll attitude. Similarly, the
effect of roll attitude on pitching moment essentially disappears at Mach
numbers greater than about 1, 40.

Another phenomenon uncovered in the yawed attitude is the inclination
of the composite normal force with respect to the plane containing the
composite angle of attack. Figure 11 illustrates this effect. The inclination
appears to be 0 at roll angles of ng;and maximum at angles of (2n-1) /8,
indicating that the inclination is a function of roll orientation of the fins.

This phenomenon also disappears at Mach numbers greater than about 1. 20,

A small rolling moment existed throughout the Mach number range
tested for both launch and launch-abort configurations. At e = 8 = 0, the
rolling moment coefficient reaches a maximum of -0. 125 in the transonic
speed range, while at higher speeds it decreases in magnitude and crosses
0 near Mach number 2.8, For a=0, 8= 6.5 degrees, Cp increases approxi-

. mately 40. 02 at supersonic speeds but is unaffected at subsonic speeds.

-9 - CONFBENTNS

SID 62-1391




NORTH AMERICAN AVIATION, INC. v/ (@> SPACE and INFORMATION SYSTEMS DIVISION

\\
CONMBENTHon —
‘ These small rolling moment coefficients, shown in Figure 12, are presum-

ably the result of design asymmetries and possibly a very small misalign-
ment of one or more of the fins (less than 0.1 degree).

As the angle of attack is increased from 0 in the yawed attitude, the
rolling moment shifts toward positive values, see Figure 13. This effect
may be explained on the basis of the upper vertical fin being blanketed at
positive angles of attack. The resulting loss of fin lift would lead to a
positive rolling moment increment.

NONLINEARITY OF AERODYNAMIC COEFFICIENTS

A summary of the effects of angle of attack on Cy;, C,, and Cp for
Mach numbers 0. 70 to 3. 50 is presented for the launch and launch-abort
configurations in Figures 14 and 15. It is noted that the discontinuities in
the launch-abort curves in the v1c1n1ty of Mach number 1. 2 fora= :t4 degrees

5GCia

!:\)
U {

LT € af

1,1)

In general, Cyyis linear up to at least « = 4 degrees. At some angle
between 4 and 8 degrees, dependent on Mach number, CNa starts to increase,
indicating a body cross-flow lift increment. Subsonically, at some angle
between 12 and 16 degrees, CN tends to decrease again toward a value

‘ near CNa for ¢ = 0. This reductlon may be attributable to a loss of fin
lift. For angles of attack less than about 4 degrees, Cy is only slightly
dependent on Mach number even in the transonic speed range.

Cm is nonlinear for angles of attack greater than about 2 degrees;
however, the variations in Cp, for angles up to about 6 degrees are small,
For Mach number range 0. 8 to 1. 4 and « greater than 4 degrees, the
variations in C,, with Mach number and & are relatively large. At subsonic
speeds, there is a relatively large positive increase in Cmy with angles of
attack greater than 12 degrees. This is also attributable to a loss in fin
lift. As Mach number increases beyond 2. 0, the variation of C,, with
Mach number tends to decrease,

For the launch configuration, the axial force is minimum in the

vicinity of a@= 0 for all Mach numbers from 0. 70 to 3. 50, At a = 8 and
16 degrees, the Cp's are nearly equal up to about Mach number 1. 6. Above
Mach number 1,6, Cp for @ = 16 degrees increases relative to the Cp for
@ = 8 degrees. For the launch-abort configuration with flow field initially
separated (Mach numbers 0. 70 to 1. 4), Cp is minimum in the vicinity of
@ = 0 and CA for @ = 8degrees is slightly larger than Cp for @ = 16 degrees
(Figure 15). With the flow field initially attached and Mach numbers greater
than 1.6, Cp is largest at @ = 0 and decreases as a is increased to 16

. degrees. As the Mach number increases beyond 1. 6, an inversion of the
variation of CA with & takes place such that at Mach number 3.5, Cp is

smallest at @ = 0 and greatest at a= 16 degrees.

- 10 - QOB
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V. CONCLUSIONS

The static stability and force characteristics of the launch and launch-
abort configurations of a 0. 02-scale model of the Saturn C-1 launch vehicle
with Apollo payload have been tested in the Mach number range 0. 70 to
3.50. The results of this investigation indicate the following conclusions.

1. For the representative moment center, the launch and launch-
abort configurations are slightly unstable in the subsonic speed
range, slightly stable in the transonic speed range, and slightly

; unstable at supersonic speeds. In general, the launch configura-
| tion is more unstable than the launch-abort configuration.

2. The launch-abort configuration exhibits a discontinuity in the
aerodynamic coefficients in the vicinity of Mach number 1. 2 that
is associated with separation-attachment phenomena. The [low
field about the nose is initially separated at speeds below about
Mach number 1. 2 and is initially attached at higher speeds.

3. No significant variation of the aerodynamic coefficients was
observed in the Reynolds number range attainable during the tests.

4, Application of transition grit to the escape rocket and large fins
had no apparent effect on the data, which indicates the flow was
naturally turbulent.

5. The addition of the clamp fairing to the launch configuration had
no effect on the data.

6. Removal of the launch escape system flow separator had a small
but measurable effect on the axial force coefficient at Mach
number 0. 70, 1,05, and 1. 40 and on the pitching moment coef-
ficient at Mach number 1, 40.

7. Removal of the jet reaction controls from the launch-abort
configuration had no inherent effect on the data; however, removing
the controls apparently permitted the flow field to become attached
at a lower Mach number.

8. The aerodynamic coefficients were sensitive to roll attitude at
‘ Mach numbers less than about 1.40. Variations in the coefficients

- 11 -  GONFBENIE
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. are apparently associated with variations in fin lifting capability
with roll attitude. .# maximum reduction in Cp occurs at roll
attitudes of (2n-1) 7. Furthermore, an inclination of the com-
posite normal force vector with respect to the true pitch plane
was uncovered and which varied with roll attitude and had maximum
magnitude at § = (2n- 1) ZSL

9. A small rolling moment that existed throughout the Mach number
range (0. 70 to 3. 50) for both launch and launch-abort configura-
tions may have been the result of a very small misalignment of
one or more of the fins.

- 12 - "PONMDENTR,
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V. SYMBOLS

The data are referred to the system of body axes. The coefficients
and symbols used herein are defined as follows.

Ab

Ca

C"1“1total

Model base area (used in computing base axial force)
0.1364 ft2

Axial force coefficient (base axial force removed),
(CAtotal - A Ca)

xial force coefficient (including base effects), axial
rce/qf

i 1)

S P

Base axial force coefficient, - Cpb Ab/S
Rolling moment coefficient, rolling moment /qSD

Pitching moment coefficient about moment center 3,726 D
forward of base, pitching moment/qSD

Composite pitching moment coefficient, _(Em = CI% + Crzl

Slope of pitching moment coefficient versus angle of attack,
1/degrees

Yawing moment coefficient about.moment center 3,726
diameters forward of base, yawing moment/qSD

Normal force coefficient, normal force/qS

Composite normal force coefficient, EN =\ /CI%I + C%

Slope of normal force coefficient versus angle of attack,
1/degrees

Base pressure coefficient (py, - py)/q

Side force coefficient, side force/qS
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| . D Reference length (command module maximum diameter), 0,2567 ft
| M Free-stream Mach number

n Any integer

Ph Model base pressure, 1b/ft%

Pt Free-stream stagnation pressure, lb/f’c2

Py Free-stream static pressure, 1b/ft

q Free-stream dynamic pressure, lb/ft2

RN Free-stream Reynolds number per ft

S Reference area (based on command module maximum diameter),

0.0517 ft2
Xcp Center of pressure location measured in reference diameters
D from the base, positive forward, Cm + X

® N P

X Transfer distance from model base to moment reference center,
3,726 diameters

« Angle of attack, degrees

a

Composite angle of attack, cos @ = cos a cos 8

Angle of sideslip, degrees

S W

Angle of roll, degrees

The subscript @ = 0 denotes conditions existing at 0 angle of attack.

" SOkl
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